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THEORETICAL INVESTIGATION OF DRAG REDUCTION BY MAINTAINING
THE LAMINAR BOUNDARY LAYER BY SUCTION#®
By A. Ulrich

ABSTRACT

Malntenance of a laminar boundary layer by suction
vas suggested recently to decreese the frictlon drag of
an immersed body, Iin particular an airfoll section {1].
The present treatise makes a theoretical contribution to
this guestion in which, for several cases of suction and
blowing, the stability of the laminar veloclty profile is
investigated. Estimates of the minimum suction quantitles
for malntaining the laminar boundary layer and estimates
of drag reduction are thereby obtained.
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I. STATEMENT OF THE PROBLEM

Recent investlzatlons established the fact that the
drag on a wing may be reduced by malntaining a lamlnar
boundary layer. The first method to obtain & large region
of lamlnar flow ls to select a proflle which has the
minimum pressure position as far back as possible. Suction
of the boundary layer as indicated by Betz [1] is another
means to move the transition point from laminar to turbulent
flow as far back as possible. The present lnvestigzatlion
makes a theoretical contribution to the problem of
transition leminar/turbulent in the boundary layer under
suction and blowing condltlions, To thils end an examination
of the stabllity of the laminar boundary layer with
suction was made.

Suction always has a stabllizlng effect on the laminar
layer, that 1s, the transltion polnt 1s moved downstream;
whereas blowlng has destabllizing effect. The stabllizing
effect of the suctlon results from: <flrst, a reduction
of the boundary lay:r thickness (a thin boundary layer
1s less 1ncllned to become turbulent than a thicker one,
other conditions belng equal); and second, chanfes in
the shape of the laminar veloclty distrlbution and
therefora: an increase in the critical Reynolds number
of the boundery layer (U&*/u)crit (U = velocity outside

the boundary layer, 6% = displacement thickness, see
chapter II, vV = kinematic viscosity). In both cases there
is an analogy to the influence of a negative pressure
gradient on the boundary layer.

Theoretical calculation of the transitlon
laminar/turbulent must be based on Lnowledge of the
laminar velocity distribution and requires considerable
accuracy., H. Schlichting and K. Bussmann [3] and R. Iglisch
(4] gave exact solutlons of the boundary layer .with suction
and blowing and these solutlons are sultable for an
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examlnation of. stubility., The followring cases were
investigated:. Ce e e e -

(1) The boundary laver on the flet plate in
longitudinal flow with suction end blowlng distributed
sccording to v,(x) = l/JE" (x = distance along the

plate.)

(2) The boundary layer on the flet plate in
longitudinal flow with uniform suction, v, = const.,

starting at the front adge of %the plate,

(3) The boundary-iayer for a_flat plate with an ThpIngThg
Jet with uniform suctlion or uniform blowing.

Only the results of sn investigstion of the stabillity
of a laminar boundery layor on a flat plate in longltudlnal
flow and with unifora suction are at present avallable,

For thls case, the thlckness or the boundary layer 1s
constant at a lerge distance from the leadlng edge of
the plate:

6*-:-“— (1)

o

The veldclty distrlibution of thils esymptotic suction
profile 1s devendent on y only, and 1s, nccording to
He Schlichting [5] , as follows:

D), o

;3 vix;y) = v = const. (2)
U, .

4

The critical Reynolds number for this asymptotlc suction
profile is according to K. Bussmann and H. Munz [2]
(U 6 /b)crit = 70000, 8Since for the plate in longitudinal

flow without suction (Uoﬁ'“'/h)orit = 575, the suction

in thls case increasss the critical Reynolds number: by
a factor of sabout- 100.

From the known Reynolds number with suction,” the
minimum suctlon quantlty necessary for meintaining the
laminsar boundary layer can be determined lmmediately
(sinco 6% £ 6 crit)
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. .
U,6% - Up =Vob < ngﬁ"j .
v “Vo V¥ YV /orit

Then from equetion (1) -vob*/b = 1, the minimum suction
quantity is:

= Vo - -l
Cq erit = Ty 2 G000 = Ol x 20 (3)

Since the quantity 1s small the maintenance of a laminar
boundary leyer by suctlon seens rather promlsing; therefore
further Ilnvestigatlons of tne stebility lfor the boundary
layer with suction were carrled out in this rencrt.

The minimum suction guentity for maintalning the laminaxn
bouadary layesr and the drag reduction shall be esteblished,

I1l. SYMEOLS

Xy 3 ' rectangular cowrdinates parallel
and perpendiculer to the wall;
x =y =0 at the leading
edge of the plate, or the stag-
nation point (figs. 1, L, and 7)

1 length of plate
® width cof 9olate
U(x) potential flow outside of Llhe

boundary layer; U = ujx

for the plane stagnstion
flow U = Uy, for the flat

plnte in longlitudinal fiow
To fres—stroam voloclty

u, v components of velooi£§ in the
boundary layer parallel and perpen-
dioular to the wall, respectively
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Vo (x)

To é
5*=/; (x -9 &y
ve [ 86 - g

Q.

UO
L2 S
Co = —>
Vi
Gf = WR
b1 £ 7,2

preacribed normal velocity
at the wall; v, > 0

blowlng, v, ¢ 0 suction

gshear stress at the wall

dlsplacement thickness of the
boundary layer

momentum thiockness of the
boundary layer

total suction quantity and
blowlng quantity, respectively,
for the plate in longl=-
tudinal . flow; Q< O
sucticn, Q > O blowing

nondimensional quantity rate
of flow coefficlent for the
flat plate; for the plate
with uniform suctlion this
coeffi_..‘crient becomes

0gq = —_ (v, = const);
Us
oQ:- 0 suctlon, oQ< 0
- blowlng

reduced flow ocoefficlent for
the flat plate wlth the
suctlion distributed as
v (x) ~ LA

nondimensional extent of
leminar flow for the plate
flow with uniform suction

reduced flow coefficlent for
the plane stagnation flow

Ifriction drag coefficient for
the flat plate 1n longle=
tudinal flow (plate wetted
on one side)
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T¥1. EXAMINATION OF THE STABILITY
OF LAMINAR VEZLOCITY PROFILES

(e) Flat nlate with suction and blowing eccording

to vo = 1/VX.

The flrst series of the Ilnvestigated veloclty proe
files concerns the flat plate in longlitudinal flow with
continuous suction where the suction velocity is distribuw
ted according to v, ~ 1/4x (fig, 1), Schlichting and
Bussmann [3] gave exact solutions of the differential
"equations for the boundary layer with suction and blowing
for this case., It 1s a charsacterlstlc of this case that
sach’ veloc}tv profile along the plate 1s related to a |
,rescribed mess flow ooefficient. The reduced flow
soefficlient

) c = GQVEE = cqyﬁZZﬁT

eppears declslive., Hereln
cq = - o/ b U,

stands for the ordinary flow coefficient for the nlate
of the length ! and the width b, end Re = Uol/v

for the Reynolds number of the plate. Posltlive flow
coefficlents correspond to suction, negatlve ones to
blowing. For thils case all the blowing profilles have
a point of inflection.

The veloclty profiles for the flow eocefficlents
C = -[J:; %f 1 and %,that 13, oneblowingprofile with a point

of inflection and three suction profiles were selected
for the lnvestigations of stability. Thesa profiles
together with the profile for C = 0 {flat plate without
suction) are riven in terms of y/b in figure 2. The
second derlvatives of these veloclty distributions, whieh
are essentlal for the calculation of stablllity, are
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drawn in figure 3. Teble 5 shows the conmnection betwesn
6% "and the region of the laminar flow x. -

(b) Flat plate with uniform suction: vo= const.

The second serles of veloclty profiles along the
plate are for the case of uniform suction (v, = constant)

these profiles were calouleted exactly by Iglisch [L].
Figure |, shows the flow slong the flat ylate with
uniform suctlon whilch was Investigated by Igllsch,

and flgure 5 represents the examined veloclty proflles.
The veloclty profiles wlth increasing

“r ) 2 Uox , Uox
T]'o v "'OQ. ) ()-l-)

g =

starting at the form of the Blaslus nroflile at ¢ = 0,
gradually saspproach the asymptotlc suction vrofile according
to equation (2) [5]: The second dorivatives of these
veloclty prcfiles are druwn in fiesure 6. All the

veloclty nroflles have negative curvature throughout

(02u/0y2< 0)., Withincreasing ¢ the absolute values of

bau/éya incrense reapldly. PFigure 7 and table T rejresont
the nondlmenailonal parameters of the boundary lsyer,
namely the dlsplacement thickness ~v 8%/y, momentum

thickness  .-vo¥ shear stress 71,8%/uU, and shape

parameter 6*[»* as functions of i/ according to
Iglischt!s calculations [L4]. Six ordfiles with the
parameters ¢ = 0.005; 0.02; 0.08;3 0.18; 0.32 and 0.5 were
examined with respect to stabllity. The results for

& =0a8and g == are known from [2].

(c) Flat plate with an imninging jet with uniform
suction. .

As & thilrd ssrles several stagnation point profiles
from those calculated exactly by Schlichtling and
Bussmann [3] were examined with respnect to stability.
The potential flow is in this case (comparc fige 7T)

U(x) = uy X3 Viy) = “uy ¥
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Figure 8 shows this plane stagnation flow. Figure 9 shows
the veloclty proflles whilch were 1Investigeted. Thelr
shape changes wlth the flow coefflclent

Co = —2- (5)

Posltive values of C corroesvond to suctlon and negative
values of C, to blowing. The profile with C, = 0 1is

Hiemenz! proflle of the boundery layer; this profile
results from the first term in tho »nower serles starting
at the stagnatlion point for the boundary layer of the
circular cyllnder.

The veloclty profiles with the flow coefficients
Go = -5'1905; _10198; 0; 0.5; 1.095 and 1.9205, th—at is,

two blowlng profiles, the profile with an lmpermeable
wall C, = 0 and three suction profiles were selected

for the stabllity investigations. Flgure 10 shows the
second derlvatives of thsse veloclty proflles which
have negative values throughout. Table 7 shows the
corressonding boundary-lasyer sarameters,

IV. STABILITY CALCULATIONS

The examination of stabllity for these laminar
veloclty profiles was carrled out according to the method
of small vibrations in the same way as opreviously given
in detall by W. Tollmien [10] and H. Schlichting [g] .

A plene disturbance motion 1n the form of e wave motion
progressing in the directlon of the flow 1s superimposed
over the baslc flow. It 1s essentlal that the baslic flow
U(y) be assumed denmendent on the coordinate y only.
Then the amplituds distrlibution of the basic flow also

1s a functlon of y only. The esquation

(ul:ﬂ vl—_-@

» =

by &x

¥(x,y) = o(y) ele(x = ct) (6)
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" 18 vdlid for the flow function y(x,y) - of--the superimposed

disturbance motion {u', v')e @ 1s real and gives the

wave length A\ of the diaturbance motion, A = 2w/a. .,
¢ = cp + 1cgy '1s complex; cp represents the wave veloclity
of transmlasslon and c¢i, positlive or negative, the
excltation or.damping, respectively. o(y) = on(y) + 1, (¥)
glves the complex amplitude functian. The ordinary 1
linsar differentlial equation of the fourth order

(T =0) (" - a2g) = T'op = g-f; (¢"" - 2a2¢" + ap) (7)

with the boundary condltions
v=0: =@ = 0; 7= o $=9 =0 (8)

1s obtalned i1or that functlion from Navier-Stokes! equations,
In squation (7) all values are rendersd nondimensional
wlth a sultable houndary-layer tlhicknesa & and the
potentlal veloelty U, R = U§/v stands for the Reynolds
number; ! signifies differentlation with respect to

y/8. The boundary-layer condltlions’ result from the
disappearance of the normal and tangentlal components

of the dlsturbance veloclty at tlie wall and outside of

the boundary.layer (y = o The examination of stablility
of the prescribved basic flow U(y) 1s a characteristic
value problem of that diffarentlal equastlion 1n the
following serse, since U(y) the wave. length A = 2un/c

and the Reynolds number US/v are prescrihbed. The
complex characteristic value o = cp + 1lcg 18 required

for every two corresponding values a, R; from the

real part of ¢ results the veloclty of trensmisslion of
the superinposed disturbance; the Imaginary part of c¢
1s decislve for the stabllity. Disturbance occurring
for the conditlon of neutral stability (cqy = 0) are

especlally interesting, and lie on a curve (neuitral
stability curvé) in the a, B plane., The neutral
8tablllity curve separates the stable disturbances from

the unsteble ones.'See figs. 14 to 16 )The tangent to

the neutral stablllity curve parsllel to the a~axis glves
the smallest Reynolds number at wiiich a neutrally stable
disturbance is still posslble, Thls number 1s the critical
Re-number of the basic flow,
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In exemining the -stability of the suctlion profiles,
the boundary conditions of equation (8) were held the
same as In the case of the lmpermeable wall; that 1s,
disappearance of the normal and tangential disturbance
velocltles at the wall 1ls required for the boundary
layer with suctlion also, althiough the normal componsnt of
the beslc flow at the wall 1s different from zero.

The numerlcal solution of the characterlstlc value
problem then takes exactly the same course as indlcated
by W. Tollmien [10] and Z. Schlichting [6] and neeads,
therefore, no further explanation here. For the stabllity
calculation, the veloclty profiles are approximated by
parabolas in the form:

u
5= 1-p(a-3/8)7° (9)

with
5:35*

The constants p, &, and n for the three investigated
serles of profiles are snumerated In table 1. The closest
agreement wlith tha axect veloclty nrofiles near the wall
was Importent. (Figs.2, 5,and 8.) Thoe polar dlagrams

for the examined velocity proflles are glven in flgures 11
to 13 as an intermedlate result of the stablllty calcu-
tatilon. The neutral stabllity curves were obtalined from
these dlagrams and a8% 1s plotted against Ugs#/v in

figures 1} to 16 end corresponding values ara tabulated
in tables 2 to L. Theses curves show that the stability
1a greatly increased by suctlon while blowlng decroases 1t.

Figure 1l shows in dotaeil that in the plate flow
wlth continuous suction the neutral stability curves
for poslitive flow coeffleclents C lie betwuan those
for the flat »nlate wlthout suction and those for the
asymptotic suction »rofile, which were calculated
previously by Bussmann and Munz [2] . The case of

blowling with C = -& demonstrates clearly the enlargement
of the rogion of Instabllity.
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As to the flow along the plate, flgure 15 shows that
the neutral stablllty curves for the values of ¢ wused
here also lle betwsen the curves for & = 0 (flat plate
without suction) and g = » (asymptotic suction profile).
For increasing & the region of Instability diminishes
and at & = 0.5 the neutral steblllity curve aprears to
aporoach the curve of the asymptotic suctlon profille.

The stabllity in the stagnetion flow also is greatlﬁ
Increased by suction; with Increasing flow. coefflclent
C, the neutral atebility curves (fig. 16) approach the

curve of the asymptotic suctlon profile for the flat
pvlate. It is of Interest that the neutral stabllity curves

for the investlgated cases of blowlng still 1lie inslde
the curve for the impermeable flat plate.

The crltical Reynolds number (Uoﬁ*/b)crit is

the tangent parallel to the ordinate of the neutral steblility
curves. The critical Reynolds numbers for the three

series of stablillty examinations are enumerated 1n

table 5.

The following detalled result wes obtained for the
plate flow with contlnuous suction

(vo = 1IAK): 1U05*/“)crit = 20, for the blowing
profile C =‘E and therefore 1s far below the critical

[
Reynolds number 575 for the lmpermeable flat -late.
With suction the Reynolds number 1ncreases raplidly and

reaches for ¢ = % the value of 19100, thus evidently

approaching the critlcal Reynolds number T0Q00 for the
asynptotic suctlion proflile determined by Bussmann-

Munz [2]. PFlgure 17 showa how the transition point on
the nlate is shifted backward with increasing.suction.
The Reynolds numbers formed by the displacement thickness
are, for different flow coefflcients (€, plotted against
the Re numbers formed from the dlstance (x) measured
along the nlate in this figure 17 and also filgure 18,

and values are tabulated In table 5. The stability limit
of the impermeable wall (Usx/v)epyt = 1.1 x 107; but

for a flow coefficlent C = 1 critical Re exoceeds 107
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and therefore reaches the_Re-number region of todey's
large and fast eirplanes.l Flgure 19 shows the
decendency of the criticel Reynolds number on the shape
parameter &%/p. :

Flow along the plate with uniform suction (v, = consty),
the critical Reynolds-numbers for difierent 1& compiled
in tabls 5 lle between the critical Reynolds numbers 575
for the impermeable wall end 70000 for the asymptotic
suction profile. TFlgure 20 shows the rasult of the
stability calculation in which the criticel Reynolds
nunbers (Uod*/u)crit are represonted as functlons of

the nondimensional. flow distance +/Z&. In figure 21 the
onset of Instablllty is ascertalned. Jlere both the
stability 1imit (anﬂ‘/\,)crit according to figure 20

end the nondimensional boundary-layer thickness Uy 6%/y
plotted arainst +f for different flow coeffilcilsnts
¢n = - v,/U, 4are shown. The boundary=-layer thickness

1s obtained from

Ugh® =~V 0% T
:f - o0 o (10)

the values of -v 6¥/v as functions of E are
given in figure 7. 8Since for g¢-w: =-v86%/v = 1, the
separate curves have the asymptotes

(boﬁ*)m _ Yo

v v - e (11)

g = @3

The polint of trensitlion is given by the Iintersection
of a curve UL H#*/v with the stability limit (U 8#/v)cpige

1 7 :
C = 1means cn|[—— = 1, thatlswith U,l/v = 10%.

cq = 23,16 % 10'u.
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The onset of 1natab111t; occurs before V& = 0,1 for

the -flow coefficients ‘U’ ?3;656 555335’ ialaaa

og the gﬁher hand, there 15 no intersection for
° . i

8500
Flow coefficlents s

> 1 — o
°Qorat 2 Fogg = 1.18 x 10~k (12)

are, therefore, sufflicient for meintaini the laminar
boundary layer for the entire preliminary lealner Ilow
reglon. TE%B velue 1ls to be compared wlth the value

CQorit = %LO-(-)E = 0,1 X 10-,4' determined by Bussmam' and

Munz (reference 2) for the asympototic suction proflle.

The minimum flow coefflcient necessary for malntaining

the laminar boundary layer 1is, therefore, lncreased by
about the factor 10, 1f the preliminary laminar flow
reglon 1s taken into consideration. The earlier lnvestiga-
tion had alreedy,led to this presumption. The minimum
suction quantity2 found hevewith is oq . = 1.18 X 107 -L

20ne could consider the possliblllity of reducing
the total suction quantity still further than
CQupit = 1/8500. One would have to select such a
distribution of «-v,(x) as to make the curve TU,8%#/v

i1n figure 20 remeain everywhere just underneath the
stability limit (Uyd# ¢+ The necessary distri-

bution [-vo(x)/Ublcrit is siven to a first approximation

by the intersections of the curves U 0#/% for different
-v/U, with the stebility limit (fig. 2l). One then
obtains up to about V& = 0.1 an inoreasing local flow
coefficlent [-vo(x)/Ub]crit; the maximum is reached

with 1/8500 at about 1/ = 0.1; for higher V& there 1is

again a decrease down to the constant asymptote
=vo/Ug)w = 1/70000. The total suction quantity, however,

would hardly be reduced under the constant value
°Qor 1t = 1/8500 for practlical purposes 1f such an

Toptimum"” nonuniform distribution of suction we selected:
For a plate with the Reynolds number TU,l/v = and
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this quantity 1s still so small that the malintalning

of the laminar boundary layer by suctlion appears quite
promising. We mention, for comparison with experimental
results, that the necessary suction quantities in
Holstelnts [7] measurenents on the suprorting wing are

6g = 1.1 x 10 -4 to 2.8 x 10 h. This value 1s, however,

not exactly comparable to the thoeretical oﬂe since the
suction in the measurements was produced through slots.

Flgure 19 represents the critical Re~-number
(an*/”)crit as a functlion of the shape parameter

6#/8%. Simultaneously, the results of the stability
calculation for the veloclty proflles of the flat plate
with continuous suction v, ~ 1/A/X are drawn into this

diagram. One can see that the critical Reynolds numbers
of the two stabllity calculations lie on the same curve.
Hence 1t 1s concluded that the eritical Reynolds number

(UOG*/D)crit 1s dependent on the shape parameter -5i#/%
only.

Plane stagnation flow.= The critical Reynolds number
(an*/")crit for the impermeeble wall (C,-= 0) is 12,300;

for the suction quantity (C, = L.9265) this figure

inoreases to 38,000 (fige 22). iith blowing the critical
Reynolds number decreases slowly; the value of 707 is
reached at C, = =3.1905 (table 5), These critical

Reynolds numbers also are given a&s functions of 6#/%
In flgure 19; one can see that they take a course
similar to the flow along the »plate although they lie
somewhat underneath thils curve,

“vo/Uqy = 1o-LL \/_1 ( )J_- = =0.3; therefore the

reglon where ¢ can be considerably smaller than
1/8500 ‘18 still far beyond the end of the plate.
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V. APPLICATION OF THE RESULTS TO’DRAG REDUCTION
.. BY MATNTAINING THE LAMINAR BOUNDARY LAYER

The drag coefficient cp 1s plotted against the
Reynolds number in figure 23 for the laminar and -
turbulent flow 'in the boundary .layer of the flat
plate with continuous suction v, ~ l/X.' The drag-
coefficient curves from reference [3] for different
quantitles of suction and blowing C also are sghown

in the figure [3] in this diagram; the coefficiepts
cr Iincrease with increasing suctlon quantitles.

Drag may be reduced by suction in the region between

the curve for the laminer flow of the flat plate .

(C = 0) and the fully turbulent curve, if the laminar
boundary layer can be maintalned there by suction. The
result of the stability calculation given in figure 18,
that 1s, the critical Reynolds number (Uox/v)yniy 88 &

function of the mass coefficlent C, was transferred

to thls diagram and ylelds the curve denoted "stability
limit." This curve silgnifies that for conditions (C, Re)
above this limit the suction quantlity is sufficlent to
melntaln the laminar boundary layer at the respective
Reynolds number. ’ . .

The drag reductlon by malntalning the laminar
boundary layer for different Reynolds numbers can be
specified lmmedlately by means of this dlagram. The
minimum suction quantity cq opit = Copig/VRe necessary

for maintaining the laminer boundary layer is determined
for a glven Reynolds number; then the drag coefficlent
cp for the fully turbulent and laminar flow with

suction 18 read off the ordinate. Thls calculation is
carried out for the most interesting Reynolds numbers

from 2 X% 106 to 108 in teble 6. One can see that for

Instance for Re = 107 a drag reduction of more than
70 percent can be obtalned. This statement, however,.

~ does not yet make allowance for the power required

®The frictional drag coefficients represent in the
vresent case of continuous suction the total drag, because
there 18 no additional slnk drag of the suction quantitz#
since the parts sucked off spent their x~lmpulse fully
the boundary layer already. Compare Schlichting (8.
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for.the suction blower. But thls power 1ls not excessive,
since only very small suction quantitles are needed here.

Flgure 23 was concerned with the plate flow with
continuous suction; in a similar way, in figurse 2l
the lamingr frictional drag coefficlent c¢p (determlned
according to Iglisch's [lj] calculations) for the plate
flow with uniform suction 1s plotted agalnst the -
Reynolds number Uy,i/v with the flow coefficient

eqg = =vo/U, as parameter. For very small Reynolds
numbers, all curves converge to the curve of the plate
without suction. cp becomes contant with the value

Ofy, = =2Vo/U, for high Reynolds numbers where the

larger part of the plate lles within the region of the
asymptotic solution with constant boundary layer. The curve
CQ erit < ‘ﬁg = 1.18 x 10'h,.named "stabllity limit"

. o * - .
was drawn into the diagram (fig. 2li) as the result of the
stabllity calculation., Flgure 25 represents the same
condition again; but, different from figure 2L, cp 18

glven on the ordinate in ordinary scale. Both represen=
tations ‘show .that for instance at Re = 107 a dr :
Triotional

reduction of 80 percent of the fully turbulent

3555 can be achleved. rIlgure 2b compares the drag o
reductions by maintaining the laminar boundary layer and
the crltical suction quantities for the two cases

uniform suction and v, ~ 1/yx.

A comparison of the results obtained under the
assumption of uniform suction vy = constant with the
results based on the suctlion rule v, ~ 1AX demon-
strates the following: The critical suction quantity
¢q.crit for continuous suction vy ~JAX 1s variable
with . Re = Ugl/v and 1s for. all Re< 7 x 107 larger
than the suctlion quantity for uniform suction which is

constant ©q crit = 1.18 x 10'4. The drag reduction
for uniform suctlon also 1s larger in the econsidered
reglon of Reynolds numbers than for vo ~ 1/A/X; for |
instanve, the drag reduction at Re = lO7 is 80 percent
" agalnst 73 percent.- Therefore, -the uniform suction 1is
at any rate preferable to the suctlon with .vgy ~ 1/%5?

for the whole region 5 x 106 < Re < 108 that 1s, the
. maln reglon’of interest for practical purposes.
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. . .At high Re-numbers (over 103) only the suction
according to the rule v (x) ~ 1/ " shows smaller

critical suction guantitlies and higher drag reduction
than uniform suction. Table 6 eand figure 26 give a
comparison of the critical suction quantities and the
drag reductlons for the two. suctlion rules.

"VI. MEASUREMENTS OF THE VELOCITY DISTRIBUTION
IN THE LAMINAR BOUNDARY LAYER ~ITH SUCTION

1
]
1

Finally, a fow results of exporiments about the

boundary layer with suctlon shall be given. In figure
27 two measured vwloclty distributions with the
asymptotic suction wrofile [5] and the Blaslus profile
for thes plane plate in longltudinal flow without suction
ere compared. The flrst measurement was carpled out
by Holstein [7] on a2 wing with the profile NACA 0012-6l;
the measuremant was teken at x/1 = 0.9 (1 = wirig chord)
of the wing conter section on the suction side (a = 0°9),
with s81x suctlon slots of the suction side oponed. The
veloclty distribution which was converted into tho dis-
placement thlckness conforms rathir well with the asymptotic
suctlon nrofile of the flat plate with unliform suction

= while differling greatly from the Blasius profils with
Impermeable wall,

The second messurement was taken by Ackeret [9] ; a
suctlon channel with numsrous nerrow alots a short
distance behind the suction length was used. Thils
veloclty distributlion also takes = course similar to
the asymptotlc suction vrofile. Therefore, the few
exlsting measurements show good agreemont with the
theory as ito the form of laminar veloolty dlatribution with
end without suctlon,respectivoly.

VII. SUMMARY

Stabllity calculations were carried out on three
8erieas of exactly calculeted veloclty profiles for the
leminar boundary layer with suction: (a) on the flat
plate with continuous suctlon according to the rule
Vo ~1//X, (b) on the flat plate with uniform suction
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v, = const., (c) on tho flat plate wlth an impinging

Jet with uniform suction. It became obvlous that the
stabllity of the boundary layer 1s greatly increased

by suctlon, on the othor hand greatly reducsd by blowlng.
While the suction quentitles are Increvased slightly,

the critlcal Reynolds number increases greatly and
aporoaches the value found by Bussmenn-kinz

(U0 /“)crit = 70000 for the asymptotic suction profile.

Then the minimum suction quantitles noecessary for
maintalining the lamlnar’ bﬁundary layer wpre determined;
they were = 1.1 x 104 to 2.8 x 1074 for the plate
with continugus suction and 1.18 x 10~ for the plate
with uniform suction. The dreg reduction obtalned by

maintaining the laminar boundary layer at .Re = 107 1is
80 percent of the turbulent draeg without suction.

Fransiated by Mary L. Mahler
Natlonal Advlisory Committes
for Aeronautlcs
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TABLE 1

APPROXIMATION OF THE VELOCITY PROFILES FOR VARIOUS

G)-VE AND C, OF THE THREE INVESTIGATED FLOWS

21

ACCORDING TO EQUATTON (9): 7 = 1 - p(a - %)nl
C P a n
Flat plate with -0.25 1. 238 0.95 2
continuous suction 0 1.000 1.015 |-2
: 1 .133 1.626 L -
1.5 <137 1.6LhL2 | L
f .
Az VE P a n
Flat plate with|0 . 0 1.000 1.015 | 2 |.
uniform suctlion| .005 .0707 |1.068 .968 2
Vo = const, ° .02 ,1%1 1.042 .980 2
.08 .2 1.072 966 | 2
.18 'h’é 1296 | 1.667 | I
-22 ' %87 .1316 1.26& ﬁ
. . .13%25 | 1,
o .00250. u.u2 i
Cq P a n
Plene stagnation flow [-3.1905 |1.0330 [ 0.9839( 2
with uniform suetion |-1,198 «100 . B 2
0’ 1375 | 1.6L2 | L
395 | LG |ieas | I
1. 9225 U6 | 10622 |k
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TABLE 2
NUMERICAL VALUES OF THE NEUTHAL STABILITY CURVES OF

THE PLATE FLOW WITH CONTINUOUS SUCTION ‘v, ~ 14K

. T 6"
c G/UO yK/G* as¥ — ¥ 10"5
)
L 0.20 | 0.387 | 0.092 3.350
L .25 L83 .120 1.373
3681 .696 .go 3Ll
WE ho | .76 | 350 1498
ol; . . 5 .
Asymptote L5 .336 36l 95
L5 «8lL6 267 217
L7 879 <565 367
0.05 | 0,084 058 8837
.05 .08l 0185 1920
_«10 150 .073 550
.10 .150 $032 206
.15 228 L1015 105
.15 1228 .051 L3.8
1 .20 .512 132 26.2
> .20 0512 .075 13.7
«25 «390 «155 13.5
.25 .390 .101 6.1
«50 By 17k 5.30
30 .Ln% 142 5433
.31 49 .170 3.06
0.0 0.069 | 0,038 13900
-.og .og .021 236&
.10 o1 .071 70
.10 |° .138 .og ahz
1 .15 «207 .09§ 115
15 «2CT «05 53.2
.20 260 127 29,0
.20 .280 .080 18.92
25 357 «131 9.98
0.05 | 0.022 | 0,037 11300
.05 .022 ,017 3770
3 .10 «Olly 077 571
> .10 .o%u «035 305
.15 . 067 .100 102
.15 067 .05§ 6%.2
.20 .090 011 32.1
.20 .090 .08 22.5
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TABLE 3

23

NUMERICAL VALUES OF THE NEUTRAL STABILITY CURVES OF

THE ONCOMING PLATE FLOW WITH UNIFCRM SUCTION

Z -g: as® Egg* x 1073

0 0.10 |[0.036 118
.20 077 7 +20
.20 | 149 3747
25 | .101 3,01
.25 .i88 12,0
30 .129 153
«30 o223 .61
325 | 143 1.15
325 | .238 5. 29
<35 .159 .893
<35 252 2.07
375 | -181 . 738
375 | 264 1.42
40 | .205 «633
Ji0- 274 1,02 °

. J12. 239 .605

L2 «27% Ak ]
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TABLE 3 - Contlnued
NUMERICAL VALUES OF THE NEUTRAL STABILITY CURVES OF
TEE ONCOMiNG PLATE FLOV, WITH UNIFORM SUCTION -"Continued

| U.6%
R b * > -3
U, e ad > x 10
0.005 |0.10 0.055 0.076 630
.10 .og& <0365 131
.20 1 .137 22.7
.go .11% 'Oaﬁ §.9
.30 W17 . .
<30 173 «15 1.36
«35 .203 23 1.51
35 .19 1.16
.02 .10 .053 07l 778
.10 .05 .133 198.5
.20 .10 . 28.3
20 .108 .07 12,
25 138 W17 9.3
«25 <130 .108 5.06
«30 167 .200 3.85
_ .30 167 3 2.59
.08 .10 .050 .07 5l
.10 .050 .03 2
«20 .100 .13 26.6
20 .100 .030 15.3
.25 127 160 2.67
.25 127 111 .65
275 .1,05 163 6.17
275 <1405 152 L.67
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TABLE 3 -~ Qoncluded
NUMZRICAL VALUES OF THE NTEUTRAL STABILITY CURVIS OF

THE ONCQOMING PLATE  FLOT LITH UNIFCHMK SUCTION - Concluded

3+
L g 2 Ug® -3
g To o ad ,0 x 10 .
0.18 0.10 0.0L7 0.07 60%.3
.10 Ol .0l 89.7
.20 .09 . <125 .9
.20 .0%6 .082 10.3
.25 .120 .138 10.13
.25 .120 .105 8.957
.32 0.05 0.0225 | 0.0%7 12230
«05 .0225 .01l L27
.15 .068 .099 96.7
.15 068 .056 60.2
.20 .092 .122 28.
.20 .092 .089 22.
.5 0.05 0.022 0.038 10640
.05 .022 .017 2727
.15 . 066 .092 107.0
.15 .06 .05 Y&
.20 .088 J111 31.5
.20 .088 .03l 21.9
© 0.025 |0.0253 | 0.0176 L3200
.025 .0253% . 0030 106.4.00
.09 0943 .0618 1500
.09 0943 «0326 - 755
.15 .163% .093%5 W7
.15 .163% .0605 113
175 .192 .088 70
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“TABLE L
NUMERICAL VALUZS OF THE NEUTRAL STABILITY CURVES OF
THE PLANT STAGNATION FLOW WITH UNIFORX SUCTION

Usd% - _
co 'ﬁc?; 0.5* 2 x 10 5
-%.1905 | 0.15 0.103 77.6
.15 .0 25,1
.20 . 2b.z
.20 .079 8.
.30 . 207 3.70
.30 .13 2.02
) « 237 1.58
<35 « 200 1.12
-1.198 .10 .071 653
.10 .03% 218
.15 . 106 107
.15 .g&a uo.ﬁ
.20 12 27.
.20 .079 1.3
.25 171 9.63
.25 <11k 0«23
.2 .165 " L. 06
0 .05 .03 70
.05 .01 Lo
.10 .06 711
.10 .o;% 292
.15 .09 11
.15 .055 6.8
.20 .119 71
.20 .082 18.1
.23 .125 1.8
.23 .102 13.8
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' TABLE | - Concluded _
KUMERICAL VALUES OF THE NEUTRAL STABILITY CURVES OF

THE PL.NT STAGH.TION FLOW WITH UNIFORK SUCTION - Concluded

U,0%
Co + at¥ : x 10~3
0]
0. - 040 0.0%2 15500
5. .02 .007 122 0
.10 -85; 590
. 10 (A 5
.15 .09 138.6
.15 053 | 79.
.20 .120 zz [
.20 .078 . 26.5
.22 <11l . 22.7
.22 .101 19.1
1,095 .05 029 23193
.05 .015 7512
.10 .067 351
.10 072 18
.15 W05 137.6
.15 » 055 3.7
.20 .112 35,6
.20 . 082 gﬁ.a
6 -235 °391 211 o'0
1.02 .0 oM ”
.10 '065- - 7
.10 . 032 L1 -g
.15 - .091 12.
015 '05 85'5
175 .10 : 39-5
175 073 g-?
.19 .093 58.0
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TABLE 5
THT CRITICAL REYNOIDS NUMBERS AS FUNCTIONS OF C, +f%F,
AND C, FOR THE THR3% INVSSTIGATED FLOWS
_— # N
= o /U’ A g_ \Uoﬁj (on)
8] v 3 v ‘erit v /crit
Flat plate -0.25 2,771 2oL |1.0% x 1ol
with con- 0 2.29 5 1.10 x 102
tinuous 5 2.1 29 3.25 x 10
suction 1 2. 29 9550 »31 x 10
Vo~ AR 1.5 2.22 {19100 .90 x 10
Asymptotic 2 70000 -
suctlon
profile
*
\/g _ ~Vo [UX E-f-_ (Uoﬁ )
o! ¥ Y v ‘orlf
Flat plate 0 2,59 575
with uni- «0707 2.35 1122
form suc- .1%1 2.7 | 1820
tion . 2.29 | 3935
Vo = cmst. A2 2.31 | 7590
- .56 2.25 | 13500
.707 | 2.21 { 21900
& 2 70000
i |F %)
° 1V L YV rit
nlane stag- -3.1905] 2.538] 707
nation flow -1.198 | 2.3520 LL60
with uni- 0 2.218 12300
form 5 2,172 17360
suction 1.09 2.126| 27700
1.9265| 2.088} 38000
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TABLE 6 ;
) 2
DRAG REDUCTION AT VARIOUS REYYOLDS XU:PERS FOR TEE PLATE FLOW WITH r =
! >
CONTINUOUS (v, ~ 1A/X) AND %ITH UNIFORY SUCTION : 1
o - - . L ! H
Leminer .
Full |[witk : ' =
Uol turb. | suctlon 3 Aep by
; T Portt [Pars x 10§°¢ 7 108 103[“" % 10 o Fall burtulent | | "
1)
: H
- A H
Flat plate |2 x 109{ 0. | 0.28 1.0 LL 2.6 0.65
with con- |5 x 106{ .5 1,225 3.3, .95 2.35 71
tinuous 107} .6 1,205 2.9 .8 2.1 .75
suotion 2x107]..8 .13 2.7 £ 2.1 .78
Vo ~ 1/\/-1-. 5 X 107 .9 ‘e 13 2'14. lh 2.0 185
‘ 108 | 1.05 11 2,2 3 1.9 .86
Flat plate 106 | --- 0.118 Lk 1.5 2.9 0.66
with 2 x 106 —-- 3.8 1.1 2.7 .71
wiform |5 x 108 —-- 3.3 .8 2.5 .76 .
guation . 107 ] ~-- 3.0 .6 2.4 .80 :
Vo = const.| 2 x 107 - 2.6 -}.I.E 2-15 083 :.
5 x 107 | === 2.3 .35 1.95 85 - -r
. 108 - 2.1 -30 1-8 .86 B
! ;

Mnlmm quantity suotion at the plate
Aop = (cf)full turdb, ~ (°f) laminar with suoction

62
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TABLE 7
THE CHARACTERISTIC BOUNDARY-LAYER PARAMETERS OF THE
INVESTIGATED LAMINAR VELOCTITY PROFILES WITH SUGTION
. _ .
ﬁ ! fU k] #* TL0%
- o # [Q|y, /2 |8 o
C =oq\™® o vL ox | ¥ RUg
Flat plate -0.25 ' 2,010 O'Z%ﬂ 0.500
w1th cone 10721 [ . a}
tinuous 5 1,505 .Zhl .682
suction 1 1.0L7 458, .363
v, ~ AKX 1.5 .863 390 .318
VE=¢c .-O; —VOG* =Vg? Tobl‘."
- v v v wU,
Flat plate 0 0 0 2.59 | 0.571 :
uni form 141 w211 0 2,47 | 631
suction 212 <305 JA25 | 243 | 671
v. = const, .28 +381 .160 {2.39 | .699
° .as 50 | 192 [2.35 | 726
L2l 511, 221 | 2.31 | 750
1195 566 2h8 [ 2.28 | 775
-566 u6:|-)-' 1275 2.25 ] 9&
636 558 | .295 | 2.25 | .813
707 695 315 1 2.21 | B30
® 1 5 2 1
c = -V, G*JT]_ 3‘/51 9.* TOG*
o~ Y M) U
‘533 pU
Plane stag- -3,1905 1'958 0.772 | 2.54 | 0,608
nation flow -1.198 1.01 14353 1 2.35 | 698
with 0 «648 0292 | 2,22 .396
uni form 5 .Eﬁf 250 12.17 | .8%6
suctlon 1.095 Jile .209 | 2.13 | .368
1.9265 <349 167 | 2.09 | 917
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S

YUp =X

3 Figuré 1. Explanatory chart: Boundary layer at the plate in \longitudinal flow with
continuous suction according to the rule v, (x) = - —-;_ v,
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Figure 2. Velocity distributions u/U, against y/J* for various flow coefficients C
of the flow from Fig.l; WP = point of inflection. Comparison with the approximation
ﬂ of equation (9).
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A

Figure 3. The second derivatives of the velocity distributions from Fig. 2. (C= flow
coefficient).
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Figure 4. Explanatory chart: Boundary layer of the plate in longitudinal flow with
uniform suction v, =const.
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Figure 5. Velocity distributions u/U0 against y/é\* for different§ according to
Iglisch [4:[ ; comparisons with the approximation of equation (9).
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Figure 6. The second derivatives of the velocity distributions of Fig. 5, according
to Iglisch [4] .
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Figure 7. The boundary layer parameters for the plate with uniform suction:

*
—vof , —vo,}, -cooJ*and Jagainstv according to Iglisch [4] (Flow Fig.4).
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suction VO = const.

Figure 8. Explanatory chart: Boundary layer of the plane stagnation flow with uniform
suction v, = const.
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Figure 9. Velocity distribution u/U, against y/J* for different C,, according to
Schlicht ing~-Bussmann [3J ; comparison with the approximation of equation (9).
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Figure 10. The second derivatives of the velocity distributions from Fig.8
according to Schlichting-Bussmann [3] .
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Figure 12. Polar diagrams for the solution of the equation D(7M w)#-?\w=E (e} for the
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Figure 13. Polar diagrams for the solution of the equation D(’qw)/—’nw=E (X, ¢) for the
velocity profiles of the plane stagnation flow.
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Figure 14. Result of the stability calculation for the flat plate in
longitudinal flow with v0~1/‘\/ X. The neutral stability curves
0(8* against US'/')J’for various flow coefficients C.
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Fig. 16 NACA TM No., 1121
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Figure 17. For ascertaining the position of the point of instability (on/ 7’crit from the
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Fig, 22 NACA TM No. 1121
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